Soil N availability appears to have had a greater effect on litter quality than did atmospheric CO2, although the treatments were additive, with highest concentrations of nonstructural carbohydrates and condensed tannins occurring under elevated CO2-low soil N. Rates of microbial respiration and the production of DOC were insensitive to differences in litter quality. In general, concentrations of litter constituents, except for starch, were highly correlated to those in live foliage, and the CNB/GDB hypotheses proved useful in predicting changes in litter quality. We conclude the chemical composition of sugar maple litter will change in the future in response to rising atmospheric CO2, and that soil N availability will exert a major control. It appears that microbial metabolism will not be directly affected by changes in litter quality, although conclusions regarding decomposition as a whole must consider the entire soil food web.
influence on ecosystem function. By increasing the availability of limiting resources for plant growth, human activities may be changing complex feedback relationships with unforeseen results. In particular, concentrations of atmospheric carbon dioxide (CO2) and rates of nitrogen deposition are projected to continue rising well into the next century (Galloway et al. 1995 , Houghton et al. 1996 , and both are expected to directly affect net primary production and ecosystem C-N cycling. Hypothesized effects range from alteration of competitive relationships and community dynamics ( Two main hypotheses have guided our thinking about how changes in resource availability will affect plant secondary metabolism and consequent chemical composition of tissue, as reviewed recently by Koricheva et al. (1998) . The carbon-nutrient balance (CNB) hypothesis (Bryant et al. 1983) postulates that concentrations of carbon-based secondary compounds (CBSC) increase under conditions favoring carbohydrate accumulation in excess of that needed for growth. This hypothesis predicts lower concentrations of CBSCs when growth is enhanced more than photosynthesis (e.g. under fertilization), but higher concentrations when photosynthesis is stimulated more than growth (high light, elevated CO2). Very similar predictions are obtained by the growth differentiation balance (GDB) hypothesis (Loomis 1932 , Lorio 1986 , Herms and Mattson 1992 . This model states that growth is generally limited by water and nutrients, whereas differentiation (chemical and morphological changes that occur in maturing cells) depends on available carbohydrates. Therefore, production of CBSCs (a differentiation process) is enhanced when factors other than photosynthate supply are sub-optimal for growth. In general, plant responses are consistent with the two hypotheses when considering pooled CBSCs and carbohydrates, but less so for biosynthetically distinct compounds, such as hydrolyzable tannins and terpenoids (Koricheva et al. 1998) . CBSCs are considered a major defense mechanism of plants against herbivores (Feeny 1976, Rhoades and Cates 1976) , but little is known about the relationship between altered foliage chemistry and the quality of leaf litter as a substrate for soil microorganisms (Findlay et al. 1996) . Strain and Bazzaz (1983) hypothesized that rates of N and P mineralization might be reduced due to slower decomposition of plant litter produced under elevated atmospheric CO2, caused primarily by increased C/N and C/P ratios, or higher amounts of protective polyphenols. We refer to this as the "negative feedback" hypothesis. Since that time a vigorous debate has ensued in the literature, with researchers reporting results that both support, and fail to support, this hypothesis. In a recent review of the CO2-decomposition literature Norby and O'Neill (1996) found that many of the earlier studies performed with small potted plants, often grown in growth chambers, exhibited reduced litter quality and slower rates of decomposition, while larger-scale experiments (open-top chambers) found little or no effect. Thus, experimental approach must be considered when interpreting results. More recently, scientists convening at an international symposium addressing the effects of elevated CO2 on litter decomposition concluded there is insufficient evidence to support the negative feedback hypothesis (Norby and Cotrufo 1998 The current work has two goals. First, to ascertain whether growth under elevated atmospheric CO2 will alter the microbial decomposition of leaf litter of a widely distributed north temperate tree species under conditions of both high and low N availability. Second, by comparing the chemical composition of leaves at the peak of physiological activity and after senescence, we test whether predictions of the CNB and GDB hypotheses can be extended to litter, at least for sugar maple (Acer saccharum Marsh.). These hypotheses may form a useful conceptual framework for considering how changes in environmental factors will affect the cycling of C in forest ecosystems as mediated by soil microbial communities. Sugar maple is highly shadetolerant and has determinate growth (Barnes and Wagner 1981). It is characterized by relatively low rates of photosynthesis and growth, and production of CBSCs is stimulated by elevated atmospheric CO2 (Lindroth 1996) . In North America, it is distributed from Nova Scotia, west to Ontario and Minnesota, south to Missouri and east to Tennessee and North Carolina (Godman et al. 1990). Across its range it is an important commercial species, and is used for hardwood lumber and maple syrup. To examine the interactive effects of elevated atmospheric CO2 and varying soil N availability on sugar maple leaf litter quality and decomposition, we conducted an open-top chamber experiment at the University of Michigan Biological Station. After the second growing season under the experimental treatments, naturally senesced leaf litter was collected from the chambers and incubated in the laboratory, where rates of decomposition were related to chemical quality. In accordance with the CNB/GDB hypotheses, we expected to see higher concentrations of nonstructural carbohydrates in litter produced under elevated CO2 or low N availability. We hypothesized this would be accompanied by higher concentrations of CBSCs in litter and reduced rates of decomposition. 
Methods

Chemical determinations
Carbon dioxide concentrations of the headspace gas were determined by injecting samples into a Tracor Model 540 gas chromatograph (San Jose, CA) equipped with a thermal conductivity detector. Concentrations of total dissolved organic carbon (DOC) in the CaCl2 extracts were determined using a Shimadzu TOC-5000A (Wooddale, IL) total organic carbon analyzer, which oxidizes the sample with a Pt on alumina catalyst (680?C) to quantify total carbon content in samples from which inorganic carbon (i.e. CO2) has been removed. Total carbon (% C) and total nitrogen (% N) in the decomposed litter samples were measured using a Carlo Erba NA1500 Series II elemental analyzer (Beverly, MA) run with National Institute of Standards and Technology pine needle and peach leaf standards.
Total nonstructural carbohydrates (starch and soluble sugars) in the decomposed leaf samples were quantified using the method of Tissue and Wright (1995) . Samples were extracted with methanol: chloroform:water to release soluble sugars and the remaining pellet was digested with 35% perchloric acid to hydrolyze starch into soluble sugars. Both soluble and insoluble sugars (i.e. starch) were quantified colorimetrically by comparing sample absorption to that of glucose standards. Condensed tannins were chosen to characterize the response of C-based secondary compounds because they are known to respond to elevated atmospheric CO2 in sugar maple foliage (Lindroth 1996) and play an important role in the decomposition process ( 
Results
Foliage and litter quality Production of foliage as estimated by total litter biomass ranged from 107.6 g to 229.9 g, and increased significantly (Table 1) (Table 1) . Under ambient CO2, the reduction in soluble sugar concentration due to high soil N availability was 25% for foliage and 52% in litter, whereas under elevated CO2 the reduction in foliage was 44% while that in litter was 24%. Starch concentrations ranged from 72.4 to 108.0 mg/g in foliage and 68.2 to 81.0 mg/g in litter and, in contrast to soluble sugars, were affected to a similar extent by C02, soil N availability and time main effects. Averaged over the other factors, elevated CO2 resulted in a 14% increase in starch, while high soil N availability resulted in a 13% decline. Similarly, the transition to litter resulted in an average 16% decline in starch concentrations.
Condensed tannin concentrations were markedly different between foliage (195 to 588 mg/g) and litter (1.31 to 3.31 mg/g) ( Table 1 ). All treatment main effects were highly significant, and significant two-way interactions with time would seem to indicate that responses to the CO2 and soil N availability treatments were different for foliage and litter. However, elevated CO2 caused a 39% increase in condensed tannins in foliage and a 34% increase in litter. Similarly, high soil N availability caused a 49% decrease in foliage and a 46% decrease in litter. We believe this apparent inconsistency between the statistical tests and responses stems from the overwhelmingly large effect of time on condensed tannin concentrations, making interpretation of interactions between time and the other factors in the split-plot analysis problematic. Independent ANOVAs on the foliage and litter confirm the CO2 and soil N availability main effects, with no significant CO2 x N interactions (data not shown), and from the data presented here it is obvious the effects of time were highly significant. Nitrogen concentration ranged from 11.96 to 21.08 mg/g in foliage and 4.96 to 10.12 mg/g in litter, and all main effects were highly significant (Table 1) . A significant CO2 x Time interaction was due a greater reduction in N concentration in elevated compared to ambient C02-grown foliage (18%) vs litter (15%). The N main effect resulted from much higher concentrations of N in foliage (43% greater) and litter (75% greater) produced at high soil N availability. C/N ratios ranged from 22.16 to 40.05 in foliage and 43.60 to 86.60 in litter, and all main effects were highly significant ( Table   1 ). The increase in C/N ratio due to elevated CO2 (litter and foliage) ranged from 22 to 26% at both high and low soil N availability, except in litter at low N, which exhibited a 6% decrease, resulting in the significant CO2 x N x Time interaction.
Litter decomposition
Soluble sugar concentrations declined to less than 10 mg/g after d 28, and approached zero by the end of the incubation (Fig. 1A) . Effects of elevated CO2 and soil N availability were not significant (Table 2) , the differences in soluble sugar concentrations between treatments being nominal (Fig. 1A) . Starch concentrations declined 39% to an average of 47.04 mg/g after 111 d (Fig. 1B) . Treatment effects on starch concentrations were not significant at any time during the incubation (Table 2) .
Initially, concentrations of condensed tannins in litter were affected by atmospheric CO2 and soil N availability (Table 1) . Over the course of the incubation, however, only the N availability treatment remained significant (Table 2) . Litter produced at low N had consistently higher concentrations, until the last harvest at 112 d (Fig. 1C) . Condensed tannin concentrations declined exponentially, and regression analysis indicated that the rate of decline was significantly greater for litter produced at low compared to high N availability (P= 0.015).
Nitrogen concentration of the initial, and decomposing litter was significantly affected by both the N availability and atmospheric CO2 treatments ( Fig. 2A,  Tables 1, 2) . Nitrogen concentration was 60% higher, on average, in litter produced at high compared to low N availability. It was 16% lower, on average, in litter produced at elevated compared to ambient CO2. A CO2 x N interaction occurred due to a much greater effect of elevated CO2 at high compared to low N availability ( Fig. 2A) . Although this appears to have been consistent throughout the incubation, variation in the data was such that it was statistically significant on only one of the eight harvest dates (Table 2) . N concentration increased on average 62% over the incubation, and regression analysis indicated the rate of increase did not differ between treatments (P = 0.439).
CO2 and N availability main effects were highly significant for C/N ratio in the initial litter, but only N availability remained significant throughout the incubation (Fig. 2B, Table 2 ). Litter produced at low N had on average 70% higher C/N ratios than that produced at high N throughout the incubation, while the increase due to elevated CO2 averaged only 14%. C/N ratio decreased on average 42% during the incubation, and regression analysis indicated that rates of decline in C/N ratio did not differ between N availability treatments (P = 0.454). 
Microbial respiration and soil solution
During the first 14 d of incubation, microb tion resulted in the accumulation of an aver mg C in the microlysimeters, and there were cant differences between treatments ( The initial extraction of the litter at the start of the incubation yielded large quantities of dissolved C. The DOC content of the 50-ml extracts averaged 16.81 mg and was not affected by the CO2 or soil N treatments (Table 3) . Soluble sugars in the extracts ranged from ~...-3.98 to 6.27 mg and a significant CO2 main effect 100 120 resulted in an average 38% increase from litter produced at elevated CO2. Condensed tannins in the extracts ranged from 20.43 to 122.6 mg, and were responsive to both atmospheric CO2 and soil N availability (Table 3) . Extracts from litter produced at elevated CO2 contained on average 101% more condensed tannins than that from ambient CO2, while litter extracts from the high soil N availability treatment contained 60% less than those from low N. Over the J:^y course of the incubation, soluble sugars in the soil extracts declined very rapidly (Fig. 3B ) and treatment effects were not significant. Similarly, condensed tannins in the soil extracts after the incubation had begun 100 120
were essentially zero for the entire experiment.
Discussion
Overall we found reasonable correspondence between predictions of the CNB/GDB hypotheses and responses of sugar maple litter quality to the availability of C and N. In addition, although we documented large differences in litter quality, rates of decomposition appeared insensitive to the elevated CO2 and soil N availability treatments.
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Foliage production, chemistry, and the C-N balance ), starch (B), r maple leaf Total litter production, which should be very closely E availabilty correlated to total foliage production, increased apbations were proximately 40% due to elevated CO2 and high soil N ?C and field availability. This indicates that growth was limited at 5) and bars the lower level of availability of both factors. According to the CNB and GDB hypotheses, if growth were reduced more than assimilation we would expect to see higher levels of nonstructural carbohydrates and CBSCs in foliage grown at elevated atmospheric CO2 ial respira-or low soil N availability (Koricheva et al. 1998 Table 2 . P-values for biochemical constituents of decomposing sugar maple foliage produced under conditions of ambient and elevated atmospheric CO2, and low and high soil N availability. Column headings: Numbers refer to number of days from beginning of incubation that a set of microlysimeters (25) The cardinal property of condensed tannins, the ability to strongly bind to protein and carbohydrates, and their wide distribution across plant taxa (Hagerman et al. 1997 ) makes this class of compounds especially lary metabolites) while differentiation-dominated likely to affect the decomposition of plant litter. In the s invest more heavily in defense (Herms and present study, concentrations of condensed tannins on 1992, and references therein). We extend this contained in litter were highly correlated with those of sion by hypothesizing that accumulation of stable the live foliage (r = 0.73), but were less than 25% of the lary metabolites (little metabolic turnover) in dif-original content. Although this might at first appear to iation-dominated species is more responsive to decrease the role of tannins as a direct control on litter es in resource availability than that of growth-decomposition, effects on the activity and/or composiated species, in which growth would be expected tion of soil microbial communities could be significant most responsive. Thus, concentrations of con-after tannins have leached from the litter. The initial I tannins in sugar maple litter varied as a function extraction of the litter resulted in leaching of from 10 to I N availability, while those of trembling aspen 21% of the condensed tannins contained in the live mresponsive (King et al. 2001) .
foliage. This would explain, in part, the tea-brown re were large, significant reductions in the con-color of the initial extracts, and is analogous to the tions of most constituents due to the transition tannin stained waters of acidic forest streams and lakes fresh foliage to senesced litter, and substantial that occur throughout North America. It is reasonable ses in the C/N ratio. In general, concentrations of to expect the soluble fraction of condensed tannins to nstituents in foliage were highly correlated to have less of an influence on the decomposition of the in litter (Spearman rank correlation r = 0.63 to litter than the recalcitrant fraction, which is probably the exception being that levels of starch in live bound to proteins in the tissue. The remainder of the were not significantly correlated to those in litter condensed tannins that were "lost" probably leached 4). This "decoupling" of starch concentrations from the senescing foliage while it was still attached to Atmospheric CO2, soil N availability, and decomposition Our measures of decomposition were selected to capture both short-term (microbially respired CO2) and longer-term (DOC) responses of the microbial community to litter produced under differing levels of resource availability. It has been demonstrated that increases in soil respiration under elevated CO2 can be due to more rapid cycling of labile carbon substrates by the soil microbial community (Hungate et al. 1997 ). In contrast, formation of DOC is thought to result from the degradation of more recalcitrant forms of carbon (tannins, lignin, humic substances), but may contain significant quantities of labile constituents such as low molecular weight organic acids and carbohydrates (Herbert and Bertsch 1995) . In agreement with similar microlysimeter studies using Populus litter (Randlett et al. 1996 , King et al. 2001 , we found few consistent treatment effects on either measure of decomposition. This is surprising, given the two-fold differences in C/N ratios of litter produced in our experiment. In a recent study, Hattenschwiler et al. (1999) report that beech leaf litter produced under elevated CO2 decomposed more slowly than that produced under ambient CO2, but the effect was small to non-existent during the first 100 d of incubation, and there was no effect on spruce branchlets. They found increased litter consumption and feces production by isopod detritovores, and proposed this could offset the reduced quality of litter produced at elevated C02, resulting in no net effect on decomposition (see also Lussenhop et al. 1998 ). These results illustrate the importance of understanding the effects of altered litter quality on both micro-and macro-decomposers in early and late stages of the decomposition process. Our data indicate that even large differences in litter quality are unlikely to directly affect the dynamics of soil microbial communities during the early stages of leaf litter decay.
Changes in litter quality through time
To gain insight into the dynamics of microbial processing of litter as affected by resource availability, it is helpful to examine changes in litter quality through time. Concentrations of soluble sugars dropped rapidly to very low levels, while starch concentrations declined only 39% by the end of the incubation. This is in contrast to King et al. (2001) , who reported that starch concentrations decreased to near zero in trembling aspen litter after just 55 d of incubation, and may be related to the much higher N concentrations (average 22 mg/g) of the litter in that study. Initial treatment effects on litter soluble sugars and starch disappeared during the incubation, suggesting changes in these constituents in response to elevated atmospheric CO2 or soil N availability will be rapidly neutralized by soil microorganisms and/or physical effects (leaching). Concentrations of condensed tannins in decomposing litter declined to near zero by the end of the incubation, and interestingly, the strong reduction in concentration due to high soil N availability persisted almost until the end of the incubation, at which point all treatments converged. The rate of decline in condensed tannin concentrations was significantly faster in litter produced at low soil N availability, indicating greater microbial utilization until an apparent threshold was reached after 112 d of incubation. As a recalcitrant material, we would expect the concentration of condensed tannins to increase with time (Waring and Schlesinger 1985) , but clearly our data show the opposite. This suggests that condensed tannins may be utilized by microbial decomposers as an energy source to a greater extent than has previously been suspected.
Concentrations of N in the decomposing litter of this study were similar to the range of concentrations reported for decomposing sugar maple litter during the period in which approximately 50% of the original mass had been lost (Aber and Melillo 1980) . This reassures us that the quality of the litter produced in this study is representative of that produced naturally. In contrast, King et al. (2001) found that leaf litter of trembling aspen produced in open-top chambers had much higher N concentrations than natural litter, indicating that some species may be more appropriate as model systems in growth chambers than are others. Apparently, the rapidly growing, "exploitive" aspen (sensu Griffin et al. 1995) responded to the experimental treatments by assimilating more N relative to wild plants, whereas the slower growing "conservative" sugar maple was less likely to alter nutrient uptake and biochemistry. Regression analysis established that rates of increase in N concentration (and decrease in C/N ratios) as the litter decomposed did not differ by treatment, supporting the conclusion that our treatments had little effect on rates of decomposition.
Dynamics of carbon loss
By comparing microbial respiration and DOC over time we can get an idea of the relative magnitudes of these contrasting pathways of C loss from the decomposing litter. Microbial respiration was greatest early in the incubation, then declined to a steady rate at approximately 40 to 60 d of incubation. This closely approximates the pattern of starch degradation, indicating utilization of labile substrates at the very early stages of decomposition. Total C lost as microbially respired CO2 was 15.97 mg, averaged across the treatments. In contrast, the initial extraction of the litter leached an average of 16.81 mg C as DOC. Although the coarse grinding of the litter (necessary to ensure uniform substrate) may have artificially increased fragment surface area, we feel these data illustrate the potentially large C fluxes that occur in forest ecosystems during the period of leaf senescence. Autumn is typically a wet time of year at our field site with precipitation occurring over several months; a longer period of leaching that should to some extent compensate for grinding of the litter. As demonstrated, much of the initial DOC was composed of highly labile soluble sugars (31%) and condensed tannins (actual quantity unknown). In nature, much of this material is trapped in the soil profile where it can be consumed by microorganisms (Herbert and Bertsch 1995); however, cooling soil temperatures at this time of year may reduce microbial activity allowing this material to be leached from the system. DOC in the extracts gradually 
Conclusions
By varying the availability of atmospheric CO2 or soil N, we found that the biochemical response of sugar maple foliage is in agreement with predictions of the CNB/GDB hypotheses. Conditions favoring accumulation of nonstructural carbohydrates relative to growth enhanced production of condensed tannins, a major carbon-based secondary compound (CBSC). Further, high correlation between biochemical constituents in foliage and litter indicate that the CNB/GDB hypotheses provide a useful tool for predicting litter quality in response to changing environmental conditions, for some but not all chemical constituents. Our data indicate that elevated CO2, and especially soil N availability, can substantially alter litter C/N ratios and levels of condensed tannins that persist through time, but these changes have little direct effect on rates of decomposition by soil microorganisms. Finally, large quantities of C may be lost from forest ecosystems in autumn as labile constituents are leached from senescing litter and exported as DOC.
